STRUCTURAL ANALYSIS OF
LONGITUDINALLY FRAMED SHIPS

This document has been approved
for public release and sale; iis
distribution is unlimited.

SHIP STRUCTURE COMMITTEE

1972



SHIP STRUCTURE COMMITTEE

MEMBER AGENCIES-:

UINITED STATES COAST GUARD
MAVAL SHIP SYSTEMS COMMAND
MILTTARY SEALIFT COMMAND
WA TIME ADMINISTRATION
AMETICAN BUREAU OF SHIPPING

Dear Sir:

AN INTERAGENCY ADVISORY
COMMITTEE DEDICATED TO IMPROVING
THE STRUCTURE OF SHIPS

ADDRESS CGRRESPONDENCE TO:

SECRETARY

SHIP STRUCTURE COMMITTEE

LES, COAST GUARD HEADOUARTERS
WASHINGTON, [.C, 20691

3R-196
1972

One of the most important goals of the Ship Structure
Committee is the improvement of methods for design and analysis
of ship hull structures. In recent years, many analysis methods
utilizing high speed electronic computers have been developed
and although these methods allow detailed structural anaiyses
which would have been impossible without them, they cften re-
quire very large computers and involve considerable time and

expense.

The project reported herein was undertaken in an attompt
to develop a less expensive method of analysis, and the mesthod
has been verified by comparison with full scale oxperimental
data. The Ship Structure Committee greatfully acknowledges the
generosity of Chevron Shipping Company 1n supplying these data.

This report, the first in a sequence of four Ship Structure
Committee reports on this project, contains a descriptioen of the
development of the analysis method and the resulting computer
program and the verification of the results cbtained. Details
of the computer program are presented in separate reperts:

55C-226

55C-227

55C-228

Tanker Longltudinal Strength Analysis--
User's Manual and Computer Program

Tanker Transverse Strength Analysis--Userfs
Manual

Tanker Transverse Strength Analysis--Pro-

Ty TR o Adrsmann B
gTAmBeT 5 Mdalltdl

Comments on this report or the associated project would be

welcomed.

Sineerely,

s



SSC-225

Final Report
on

Project SR-196, "Computer Design of
Longitudinally Framed Ships"

to the

Ship Structure Committee

STRUCTURAL ANALYSIS OF
LONGITUDINALLY FRAMED SHIPS

by

R. Nielson, P. Y. Chang, and L. C. Deschamps
COM/CODE Corporation

under

Department of the Navy
Naval Ship Engineering Center
Contract No. N00024-70-C-5219

This document has been approved for public release and
sale; its distribution is unlimited.

U. S. Coast Guard Headquarters
Washington, D. C.
1972



ABSTRACT

The technique of finite elements has brought about a new era to
the field of structural analysis of ship structures. The application
of this technique, however, is 1imited by the cost and capacity of the
computer. Straight forward applications of the finite element method
to the whole or to a major portion of the ship have so far been inac-
curate and too expensive for design purposes.

The method presented combines the advantages of the finite element
technique and the uncoupling by coordinate transformation. A fine mesh
may now be used to produce more accurate boundary conditions. The un-
coupiing transformations also reduce the computer time to about one-
tenth of that by other methods. The critical assumptions and the basic
theories have been verified with experimental test results from the
tanker "JOHN A, MCCONE."

This report discusses three computer programs; one for the longitu-
dinal strength analysis, one for transverse strength analysis, and one
for the Tocal stability check of the structure. The programs themselves
appear in subsequent reports.

i1



CONTENTS

INTRODUCTION . & v v v v v v b e e v e e e e e e e e e w e
LONGITUDINAL STRENGTH. . . .+ . v « v v v v v v v v v e v e e s
TRANSVERSE STRENGTH. . . . . v « v v v v v v v o o e e e e e

CORRELATION OF THEORETICAL STRESSES WITH STRAIN
GAUGE EXPERIMENTS. . . . . & v v v v v v v v v o e e e e

REFERENCES . . . . & & v v v v e e et e e e e e v e e e e e

APPENDICES

A.  LONGITUDINAL STRENGTH, MATHEMATICAL DEVELOPMENT . . . . . .
B.  TRANSVERSE STRENGTH, MATHEMATICAL DEVELOPMENT . . . . . . .
C.  STIFFNESS OF LONGITUDINALS. . . . « + « .+ <« o o ¢ v o o

D.  INFLUENCE COEFFICIENTS AND DEFLECTIONS OF PRIMEC
TRANSVERSE MEMBERS. . . . . . . . v o« o v o v v 0 v v v

E. EFFECT OF LONGITUDINALS NOT COINCIDENT WITH NODAL POINT . .
F.  SIMILARITY OF TRANSVERSES . . . . . . . « . o v o o v v v .

G. APPLICATIONS OF PROGRAM TO ORE CARRIERS AND
CONTAINER SHIPS . . . .« v ¢« v v v v i v v v v h e e e e

H.  ANALYSIS OF PARTS OF THE HULL . . . . . . « « o v o o o . .
I. STABILITY ANALYSIS. . . . . . v v v o o i v v v v v e o s



SHIP STRUCTURE COMMITTEE

The SHIP STRUCTURE COMMITTEE is constituted to prosecute a research

program to improve the hull structures of ships by an

extension of knowledge

pertaining to design, materials and methods of fabrication.

RADM W. F. Rea, III, USCG, Chairman
Chief, Office of Merchant Marine Safety
U. §. Coast Guard Headquarters

Capt. J. E. Rasmussen, USN

Head, Ship Systems Engineering
and Design Department

Naval Ship Engineering Center

Naval Ship Systems Command

Mr. K. Morland, Vice President
American Bureau of Shipping

Mr. E. S. Dillon

Chief

Office of Ship Construction
Maritime Administration

Capt. L. L. Jackson, USN
Maintenance and Repair Officer
Military Sealift Command

SHIP STRUCTURE SUBCOMMITTEE

The SHIP STRUCTURE SUBCOMMITTEE acts for the Ship Structure Committee
on technical matters by providing technical coordination for the determination of

goals and objectives of the program,

and by evaluating and interpreting the re-

sults in terms of ship structural design, construction and operation.

NAVAL SHIP ENGINEERING CENTER

Mr. P. M. Palermo - Chairman

Mr. J. B. 0'Brien - Contract Administrater
Mr. G. Sorkin - Member

Mr. H. S. Sayre - Alternate

Mr. I. Fioriti - Alternate

U. S. COAST GUARD

LCDR C. S. Loosmore, USCG -~ Secretary
CAPT C. R. Thompson, USCG - Member
CDR J. W. Kime, USCG - Alternate

CDR J. L. Coburn, USCG - Alternate

MARITIME ADMINISTRATION

Mr. F. Dashnaw - Member

Mr. A. Maillar - Member

Mr. R. Falls - Alternate

Mr. R. F. Coombs - Alternate
MILITARY SEALIFT COMMAND

Mr. R. R. Askren - Member
LTJG E. T. Powers, USNR - Member

AMERICAN BUREAU OF SHIPPING

Mr. S§. G. Stiansen - Member

Mr. F. J. Crum - Member iv

OFFICE OF NAVAL RESEARCH

Mr. J. M. Crowley - Member
Dr. W. G. Rauch - Alternate

NAVAL SHIP RESEARCH & DEVELOPMENT
CENTER

Mr. A. B. Stavovy - Alternate

NATIONAL ACADEMY OF SCIENCES -
Ship Research Committee

Mr. R. W. Rumke, Liaison
Prof. R. A. Yagle, Liaison

SOCIETY OF NAVAL ARCHITECTS & MARINE
ENGINEERS

My. T. M., Buermann, Liaison
BRITISH NAVY STAFF

Dr. V. Flint, Liaison

CDR P. H. H. Ablett, RCNC, Liaison
WELDING RESEARCH COUNCIL

Mr. K. H. Koopman, Liaison
Mr. C. Larson, Liaison



INTRODUCTION

Prelude

The ship hull is a complex structure subject to the multiple static
and dynamic Toadings imposed by its mass, its contents, and the time-
dependent forces of the sea. A satisfactory procedure of structural
design requires a complete knowledge of the loadings as well as a method
of accurate structural analysis. While this ultimate goal may not_be
reached for some time, improvements have been made in both areas. V-2,
The most notable developments in structural mechanics as applied to ships
have been the teghn1ques of finite elements 4.5 and the theory of
grillages.6-7:8,2 The complexity of a ship's hull suggests that the
versatile finite element technique would be the ideal analysis tool if
the computer time can be held ?8wn to within a reasonable Timit for an
acceptable degree of accuracy. In the Tight of this problem, then,
this report presents a new approach to the analysis of longitudinally
framed ships. Its theoretical foundation is based upon the following
three observations:

1. Results from full-scale ship tests confirm that the ship hull
of moderate size behaves closely as a simple beam with shear deflection.
The trend of modern shipbuilding, however, has been toward increasingly
Targer ship hulls, and the future may require refinements to this elemen-
tary method of analysis to include the possible effects of expanded beam/
length and beam/depth ratios.

2. Past structural failures of large tankers revealed principal
areas of damage at the intersections of the prime longitudinal (longitu-
dinal bulkheads, side shells, deep longitudinal girders) and transverse
members {the 0il1-tight and swash bulkheads, and the deep transverse web
frames).!1 The lines of buckling often showed the characteristic features
of deformation under excessive shear loads and indicate that the shear
loads at the intersections of these prime members must be re??gnized as
important factors in the structural analyses of these ships.

3. The theoretical naval architect has long recognized the flow
pattern of load transference among the structural members of the longi-
tudinally framed ship as follows: Loads from the plate are transferred
to the Tongitudinal frames, then to the prime transverse members (i.e.,
bulkheads and web frames) and finally to the prime longitudinal members.
However, this flow pattern has never been considered in the calculation
of the longitudinal strength of ships, and only vegy recently has it been
considered in the transverse strength analysis.3 As the size of
tankers increases, this flow pattern assumes greater importance.

A BRIEF REVIEW OF THE STATUS OF SHIP STRUCTURAL ANALYSIS

The conventional approach for a ship's structural analysis can be
divided into three stages: First, the ship hull is treated as a thin-
wall simple beam to determine the primary or longitudinal strength.



The validity of_this modeling technique has been verified by Vasta's
investigations!3 for ships of 50,000 tons or smaller. But for the
ship hull to behave as a thin-wall simple beam, the transverse members
must be strong enough to maintain an essentially constant hull cross-
section.

The second stage is the transverse strength analysis for which
several approaches have been used. One is to treat the transverse
member as an_ independent, reinforced two-dimensional space framel or
elastic bodyl4 with the shells, longitudinal bulkheads and central
girders modeled as concentrated springs, but with the effect of the
smaller longitudinal members neglected. To reqgain more of the coupling
effects, another method has been to treat the stiffened panels of bulk-
heads, decks, bottom and side shells as orthotropic plates, grillages
or two or three-dimensional space frames with calculations confined to
one hold only. More recently, the technique of finite elements has been
applied whereby the entire hull or a portion thereof is modeled as a
three-dimensional structure. The resulting solutions then provide the
boundary conditions for_a more detailed analysis of the transverse mem-
ber under study.10,5,3,1

Finally, the unstiffened plate panels are treated as isotropic
plates to determine the tertiary stresses.

Although the conventional Tongitudinal strength analysis has proved
to be adequate for ships of moderate size, evidence suaggests that a more
elaborate method is needed for very large ships. As a three-dimensional
floating structure, the ship is subject to not only vertical bending,
but also girth bending and compression, horizontal bending, and twisting.
For ships with small beam/length and beam/depth ratios, the only
important factors are the vertical bending and the girth compression.
A11 other factors may be neglected, except for twisting in ships with
large deck openings. For very large vessels, on the other hand, all of
these factors may be significant. This report goes one step beyond
existing methods to include the effects of deformation of the transverse
and shear distribution between the prime longitudinal hull girders and
transverse members. The effects of twisting and horizontal bending are
left for future investigations.

For the transverse strength, the frame analysis is simple, but there
is no unique way to determine the stiffness and span of each member. The
method to determine the spring factors is still an art rather than a
science, and different investigators can obtain very different results
for the same structure even when using the same computer program. The
determiration of boundary conditions has been a subject of much discussion
but remains unsettled. The best way to avoid difficulty is to take a
larger portion of the structure into consideration.

The principle of super-position is valid only if the boundary condi-
tions adopted in each stage of the calculations are exactly definable;
this situation, however, is generally impossible since the boundary con-
ditions of any region are functions of both the ship's geometry and the
Toads acting upon it.



THE APPLICATION OF THE TECHNIQUE OF FINITE ELEMENTS TO THE ANALYSIS OF
SHIP STRUCTURES

The finite element method (FEM) has been used effectively for many
years by the aerospace and civil engineers. In fact, it constitutes the
only practical method for the analysis of complex structures and as
applied to ship structures in recent years has produced good results.3:5,10, 15

Although the basic theory of FEM is well known to engineers, it is
important to review the accuracy of this technique, which depends upon
the following four factors:

1. The discretization of the real structure. The continuocus struc-
ture must be idealized into discrete elements. The consequence of approxi-
mating a continuum of infinite degrees of freedom with a model of finite
degrees of freedom is the discretization error which is often measured by
how closely assumed displacement functions can represent the trus
displacements.

2. The types of elements. Many types of elements have been developed
for different purposes. The type of element for which the assumed displace-
ment functions satisfy all compatibility conditions at the boundaries of
the element is called conforming. Since such functions are difficult to
develop for some types of elements, functions which satisfy only portions
of the compatibility conditions may have to be used. These elements are
then non-conforming. The difference between the two types is that as the
size of the element approaches zero, the sequence of approximate soiutions
converges to the exact solution for the conforming element but may con-
verge to an jncorrect value or even diverge for non-conforming elements.
Although the conforming elements do not necessarily yield better results
in a very coarse mesh, due to other approximations involived, they are
preferable whenever possible for analysis in finer meshes.

3. The number of elements and the rounding error. For analyses
using conforming elements, the discretization error may be reduced by
using a finer mesh; i.e., increasing the number of elements. However,
as the number of degrees of freedom increases, another kind of error
begins to grow. The computer recognizes only a certain number of digits
of any numerical value; and, consequentiy, round-off errors can accumu-
late and become very large at the end of a computation, Since this
error increases with the number of degrees of freedom, 2 finer mesh may
even produce a greater net error depending upon the methods of computa-
tion and the computer. This error may be reduced with an improved com-
putational procedure and with double precision, but a Timit wiil always
exist where the increase in rounding error is larger than the decrease
in the discretization error.

4. The accuracy of boundary conditions. To reduce rounding errors
and the computer time expense, the common approach is to use a macro
mesh for the whole structure; for a ship the macro mesh may consist of
elements as large as a basketball court. The solutions from this macro
mesh analysis are then used as boundary conditions for the analysis of
a still smaller region using a micro mesh, and so on.




Unfortunately, the accuracy of the detail analysis can never be
better than the accuracy of the boundary conditions. If the results
from the macro mesh analysis are questionable, the solutions from the
micro analysis are also suspect. The use of the macro mesh of non-
conforming elements promises results that are, at best, very rough
approximations.

PROPOSED MODIFICATIONS TO THE FINITE ELEMENT METHOD QOF ANALYSIS

To reduce the discretization errors at boundary conditions, the
method presented in this report employs a much finer mesh for the three-
dimensional analysis. The problems of the round-off errors, the com-
puter expense, and of the limited computer capacity are alleviated by
the coordinate transformation technique introduced in Appendix B.

OUTLINE OF THE NEW APPROACH AND ITS BASIC ASSUMPTIONS

The following approach includes both a longitudinal and a trans-
verse strength analysis.

A. Longitudinal strength analysis.

1. The longitudinal bulkheads with deck and bottom plate of
the central tank and the side shells with deck and bottom
plate of the wing tanks are defined as prime longitudinals.
The prime longitudinals and_the transverses behave as
simple shear beams. Vasta'? has verified this assumption
for the not-so-large ships, and no evidence indicates that
this assumption is invalid for the large tankers.

2. The prime longitudinals are assumed to be simply supported
at both ends. The simply supported end is the same as the
free end if the shear force is zero. Since the external
Toads are self-balanced, the shear forces at the end should
be small, and the sum of shear forces of these prime longi-
tudinals is actually equal to zero.

3. The transverse members are assumed to be free at both ends.

4. The shear forces in the deck and bottom plating are small
relative to the Tongitudinal stresses near the intersections
of the longitudinal bulkheads. This assumption has been
verified by experiment in a 90,000 ton tanker.

5. The transverses are in turn supported by the prime
longitudinals. This load transfer pattern indicates that
the prime longitudinals are acted upon by the reactions of
the transverses only. This is an improvement over the con-
ventional method which implies that the external loads are
acted upon the prime longitudinal directly.



The effect of local or secondary deformations of the trans-
verses on the Tongitudinal stress is negligible. This is
the basic assumption for the conventional longitudinal
strength analysis. However, the primary deformations of
the transverse member between the shells and longitudinal
bulkheads are not negiected.

Transverse strength analysis.

1.

A1l Tongitudinals are assumed to be similar, or of propor-
tional stiffness. This implies that the moment of inertia
changes hy the same ratio along the Tength for all
lTongitudinals. This is true for most ships.

A1l transverse members are assumed to be similar, or of
proportional stiffness. This assumption is a necessary
approximation. The error caused by this assumption is small
in terms of the actual reactions acting upon the transverses.

The external loads are acting upon the plate and transmitted
to the longitudinals supported by the transverses. Loads
may be distributed and need not be converted to concentrated
forces at element nodal points.

The external loads are arbitrary insofar as they are sym-
metric about the center plane of the ship. Unsymmetric Toad-
ing systems can be treated as the sum of a symmetric system
and an antisymmetric system. The present computer program

is applicable to both loading systems.

The Tongitudinal beam elements are assumed to be simply
supported at both ends of the ship. Since the external Toads
of the ship are self-balanced, this assumption is the same as
the conventional free-free condition. They may be simply
supported or fixed for partial analysis depending upon the
Toading conditions and the nature of the hull structure.

The effect of the torsional rigidity of the longitudinals is
neglected for two reasons. This effect is negligible for all
longitudinals with open cross section, and the in-plane
twisting at the nodal points cannot be accommodated by the
plane finite element theory.

The bend1ng stiffnesses of the plate elements are neglected.
Kendrick15 verified this stand by showing that bending stiff-
ness has virtually no effect on in-plane stress.

The stability check

The stability check formulas as given in Appendix_ I are interpo-
lated from established criteria in the literaturel®.17,18 for
the simply supported plate. While this modeling assumption is
not exact for the web plate of the transverse members, it does
provide a good upper bound for design purposes.



LONGITUDINAL STRENGTH OF LARGE SHIPS

For many years, the longitudinal strength of ships has been cal-
culated by the simple beam theory. Recently, attempts have been made
to apply three gimensiona1 finite element analyses to the whole ship
structure.10> 19 In addition to providing the longitudinal strength,
this analysis can also provide information about the vertical shear
loads upon the longitudinal bulkheads and side shells and also boundary
conditions for local analysis. Due to computer expense and the 1imit
of the number of elements available, only coarse mesh analyses have
been possible.

In recent years, an ex$811ent computer program for tanker analysis
has been 8eve1oped by Kamel'Y et al. The longitudinal stresses calculated
by DAISY!U show only slight deviations from the linear stress distribution
except at locations where the bending moment is small. This coarse mesh
analysis, however, does involve some error on the idealization of both
the Toading and the ?Sructure where additional forces are required for
balancing the model.

An analysis similar to DAISY was performed on the ESSO NORWAY using
the program SESAM-69.19 The results indicate fairly large discrepancies
between the measured and calculated deflections. Results obtained from
simple beam theory, on the other hand, have proved to correlate quite
well with full-scale experiments, although these experiments were con-
ducted on much smaller ships than the ESSO NORWAY.

Authorities generally agree that the longitudinal strength standards
adopted by the societies using the simple beam theory are quite adequate
even for super tankers. For these reasons, then, a coarse mesh finite
element analysis for the longitudinal strength is really unnecessary.

A simple and accurate method to calculate the distribution of the
shear load between the longitudinal bulkheads and the side shells, how-
ever, is needed. This can be done by treating the hull as a griilage
consisting of four prime longitudinal members (the side shells and the
longitudinal bulkheads) and the prime transverse members (transverse
bulkheads and web frames). (See Fig. 2-1). The transverse members
include portions of the deck and bottom as flanges. The shell members
include portions of the connected deck and bottom plating as flanges.
Similarly, portions of the bottom and deck are ascribed as flanges
for the Tongitudinal bulkhead members. The member definitions should
be such that the total moment of inertia of the hull is exactly equal
to that derived in the conventional manner.

The prime Tongitudinals are assumed to be simply supported at both
ends. The simply supported end condition is the same as that for the
free end if the shear force is zero. Since the external loads are self-
balanced, the shear forces at the ends should be small, and the sum of
shear forces of these four longitudinal members should actually be zero.
The transverse members are assumed to be free at both ends.



The shear forces in the deck and bottom plating are assumed small
relative to the longitudinal stresses near the intersections of the
Tongitudinal bulkheads. The external loads are assumed to be acting
upon the plate and transmitted to the prime transverse members through
the Tongitudinals.

For symmetrical loads this new approach is identical to the con-
ventional simple beam theory if the prime transverse members can be
treated as perfectly rigid. But this method is more useful because the
shear loads on the prime members can be calculated accurately. In
addition, the stress due to transverse bending can also be calculated.

The formulation of this method is given in detail in Appendix A.

A computer program has also been prepared. As illustrated in
Appendix A, this method is only s1ightly more complicated than that of
the conventional simple beam but still requires only a few seconds of
the computer time for the calculations.

Table 2-1 provides a sample comparison of the longitudinal deck
stresses derived from both the conventional simple beam method and from
the new grillage approach which further determines the relative sharing
of the load support by the side shells and the longitudinal bulkhead.
The validation of the grillage method here actually gives evidence of
the approximations made by the conventional method.

The distribution of vertical shear force between the Tongitudinal
bulkheads and the side shell is p]ogted in percentage in Figure 2-2,
It is pointed out here that Roberts® has treated the cargo portion of
the tanker as a grillage for the shear loads prior to this paper and
has devised a formula for this purpose. The principle of his method is
similar to that of the new approach, although some differences are
notable. These discrepancies are due to the fact that the Roberts'
formula excludes the effects of the position of the loading relative to
the central plane and of the stiffnesses of the transverses. Results
from a longitudinal analysis of the "JOHN A. MCCONE" indicate the
importance of these two factors and hence do not conform with Roberts'
simple formula.

Several computer programs such as STRESS and STRUDL can be ade-
quately applied, but they are more difficult and expensive to use than
what is introduced in this report. The proposed grillage analysis is
tailored for the longitudinal strength calculations and includes defor-
mations due to shear as well as bending of the deep primary members.
The method is based on the technique of transfer matrices, and hence,
the results should be the same as those obtained by a frame analysis
except that the computer time should be significantly reduced.
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Table 2-1. Relative Longitudinal Stress on Deck. kg/mm?

Frame No. Convegziona1 Near g¥d2ew Gr&lgigﬁorg$gggina1
Method Shell Bulkhead

97 -—- --- ---
99 0.59 0.57 0.66
101 0.87 0.88 0.91
103 1.14 1.15 1.20
105 1.40 1.43 1.45
107 1.64 1.75 1.64
109 1.86 2.03 1.80
1 2,02 2.20 1.95
113 2.13 2.30 2.08
115 2.18 2.37 2.12
117 2.18 2.37 2.12
119 2.13 2.28 2.10
121 2.02 2.19 1.97
123 1.86 2.02 1.81
125 1.65 1.78 1.62
127 1.39 1.51 1.34
129 1.07 1.16 1.04
131 0.70 0.74 0.69
133 0.27 0.30 0.26
135 -0.20 -0.22 -0.19
137 -0.74 -0.85 -0.69
139 -1.23 -1.34 -1.20
141 -1.57 -1.70 -1.54
143 -1.83 -1.94 -1.71
145 -1.83 -1.98 -1.80
147 -1.75 ~1.89 -1.73
149 -1.53 -1.66 -1.49
151 -1.17 -1.23 «1.17
153 -0.66 -0.68 -0.68
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TRANSVERSE STRENGTH OF LARGE SHIPS

The conventional two or three-dimensional analyses of transverse
strength often assumes a pre-deformed state of the structure, where the
supporting forces upon the transverses of the hull have been either
neglected or roughly approximated. Most analysts simply treat the
effect of the ship's hull as several rigid or spring supports. The
spring constants, however, are more artfully derived than precisely
developed from the hull structure as a contiguous system. A three-
dimensional finite element solution for these boundary conditions has
also proved inaccurate since a coarse mesh must be used.

The method presented here is similar to the three-dimensional
finite element techniques in use, but a much finer mesh is generated
to improve accuracy, and the uncoupling via coordinate transformations
simplifies the numerical computation and thus reduces the computer time.
The ship's hull is modeled as a three-dimensional elastic body consist-
ing of beam elements representing the Tongitudinals and plate and bar
elements representing the transverses (Fig. 3-1). The nodal points at
the boundaries and the transverses are located on the intersections with
the Tongitudinals wherever possible. (The effect of longitudinals that
do not coincide with any nodal point is accounted for by the method
introduced in Appendix E.) The longitudinals are simply supported at
both ends and the transverses are restrained from horizontal movement
along the center Tine because of symmetry and are also supported by an
artificial support at the bottom of the Tongitudinal bulkhead (Fig. 3-2).

The three-dimensional coupled structure of the transverse analysis
requires as input the supporting shear forces generated within the hull
girder by the external loading conditions. The external loading condi-
tions, then, are used to compute the secondary deflections of the longi-
tudinal members and the elastic deformations of transverses. Both the
deflections of the prime longitudinals (equal to the rigid body motions
of the transverses) and the supporting shear forces are available directly
from the Tongitudinal strength analysis. (Fig. 3-3). The shear forces
upon the transverses are actually the changes in Tongitudinal shear and
may be applied directly to the transverse members as external loads.
Many analyses simply neglect these forces in the transverse model and
allow the resulting force loading inbalance to be corrected by the
development of concentrated reaction forces at the transverse boundary
supports, as illustrated in Figure 3-2.

The point support at the intersection of the bottom plate and the
lTongitudinal bulkhead is not necessary when the hull is treated as a
three-dimensional structure, but is necessary for the final two dimen-
sional analysis when the supports of the lTongitudinals are replaced by
boundary forces. If the reactions of the longitudinals upon the trans-
verses are balanced exactly by the supporting forces (longitudinal shear
drop) of the longitudinal bulkheads and side shells, then forces at the
imaginary transverse boundary supports should be zero. But since the
local deformations of the transverses are not considered in the longi-
tudinal strength calculations, this ideal condition may not be completely
satisfied. The resulting discrepancies, however, should be smaller than
those developed with the conventional treatment of these support forces.
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Fig. 3-1. Structural Model for the Transverse

Strength Analysis of Ships
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Fig. 3-3a. Primary Deflections and Supporting
Forces (From Longitudinal Strength
Analysis)

Fig. 3-3b. Primary Deflections Super-Imposed
With Secondary Deflections (From
Transverse Strength Analysis)

By the method presented in Appendix B, this three dimensional
system is mathematically uncoupled into a set of equivalent two dimen-
sional transverse members, each loaded with transformed forces and
supported by transformed spring elements which represent the effects
of the Tongitudinals. Since both these transformed forces and spring
constants can be computed directly, the resulting quasi displacements
of the transverse boundaries can be calculated. Upon re-coupling the
system, these displacements provide the actual forces exerted by the
longitudinals upon the transverses. With these reaction forces known,
the stresses within the transverse members may be computed using a
conventional two dimensional finite element analysis. See Figure 3-4,

The feasibility of the uncoupling technique depends upon the ac-
ceptance of certain assumptions which render the mathematics more
tractable. First, the method assumes that all longitudinals are similar;
this is a good approximation for most large ships, particularly within
the mid-body section. Secondly, all transverse members (web frames, oil-
tight and swash bulkheads) are treated as being of proportional stiffness.
While this Tatter modeling technique may not appear very exact, a 100 per
cent error in a given constant of proportionality will produce only a
very small percentage error (perhaps 0.5 per cent maximum) in the force
reactions at the transverse boundaries. In fact, two sets of calculations
were made for the same structure under the same Joading condition but with
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Fig. 3-4. Transverse Strength Analysis

the stiffness factor for the oil-tight bulkheads varied in magnitude.

The boundary forces from these calculations are practically identical (See
Table 3-1). The negligible effects of the transverse stiffnesses are due

to the fact that the transverses are much stiffer than the longitudinals.

The uncoupling technique can be reduced to. the conventional itera-
tion process. However, the iteration is convergent only if the stiff-
ness of the Tongitudinal is considerably smaller than that of the trans-
verse.

A transverse analysis was performed on a simple box girder. (Fig.
3-5). This model includes 47 beam and 45 triangular plate elements and
was analyzed both by the new method and by a standard three dimensional
finite element computer program (Control Data Corporation's EASE).

Since this box girder is symmetrical about its central plane and
about the swash bulkhead, it is necessary for the three dimensional
analysis to include only a quarter of the structure for the EASE analysis.
‘This quarter is shown in Figure 3-6, and modelled as illustrated in
Figures 3-7 and 3-8. Since the present programs have not been set up
for symmetry along the longitudinal, a full half of the structure was
included in the parallel analysis.
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The properties of this model are listed as follows:

Length 80'

Depth 60'

Width 60"

lLongitudinal members No. 1, 11 Ix = 1y = 0.22 ft.4
A= 0.22 ft.

Longitudinal members No. 4, 8 Ix = Iy = 1,1 ft.4
A=1.1 ft. 2

Longitudinal members No. 2,3,5,6,7, Ix = Iy = 0.11 ft.4

9,10 A=0.11 ft.2

Where A = cross section area
Ix, Iy moment of inertia about x,y - axis.
(The values of cross-sectional area and moment of inertia include the
attached plate.)

Thickness of the deck, bottom,

and side plate 0.02 ft.
Thickness of the web and bulkhead 0.04 ft.
Cross-sectional area of the flange 9
of web frames 0.4 ft.

For this simple example, it is not necessary to use the longi-
tudinal strength program. The bending moment can be calculated by
the simple beam method. The shear force acting upon the transverses
are just the sum of the external loads at the bottom, 5,000 kips.
This sum is divided evenly to the two sides. By simple beam theory,
this load may be idealized to concentrated Toads, 750 kips at the
intersection with longitudinal No. 5 and 7, and 1,000 kips at No. 6.

By the uncoupling and recoupling procedure, the boundary forces
acting upon the transverse members are calculated as indicated in
Table 3-2. Note that the boundary forces, i.e., the reactions from
the longitudinals, are quite different from the external loads at
the same node points. The maximum difference is more than 18 per
cent. Using these boundary forces, the stresses inside the trans-
verses can be calculated by the separate two-dimensional analysis.
The results of the stresses within the web frames obtained from the
transverse strength program are compared with those by the three-
dimension analysis by EASE/CDC in Figure 3-9.
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Table 3-1. Dominant Boundary Forces due to Two
Different Stiffnesses for 0il1-Tight

Bulkheads.
Longitudinal Component Stiffness Factor Stiffness Factor
p=5.6 (actual) p=2.64
1-10 Y 69610 69610
11-22 Y -50560 -50560
23 Y 14.12" -9.09"
24 Y 69610 69610
25 Y -50560 ~50560
26 Y 5047 5047
27 Y 5000 5000
28 Y 4600 4600
29 Y 4200 4200
51 X -47470 -47470
52 X -43130 -43130
53 X -36330 -36330
b4 X -32550 ~32550
55 X -28960 -28960
56 X -26620 -26620
57 X -26620 ~26620
58 X -24600 -24600
59 X -24600 -24600
60 X -24600 -24600

For loading condition 5  "JOHN A. MCCONE"
*Values are insignificant
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Table 3-2. Boundary Forces on Transverses in kips

No. of Web Frame 1 Swash BHD Web Frame 2
Tongls. Fx Fy Fx Fy Fx Fy
1 0.- -506.0 0.- -989. 0.- -506.
2 1.0 -1021. -1.3 -1968, 1.0 -1021.
3 1.6 -1022. -2.1 -1967. 1.6 -1022.
4. 20.8 0. -26.5 0. 20.8 -0.
5. -997.5 763.6 -1003. 1480. -997.5 763.6
6. -500. 1184. -500. 1745. -500. 1184.
7 0.4 761.7 -.7 1482 4 761.7
8. -8.0 -27.4 9.8 36. -7.9 27.4
9. -7 -1.0 .9 -1. -.7 -1.0
10. -.4 3 .5 - -.4 .3
11 0 .7 0 -1, 0. i
sty /

0 1000 2000 ppespyY
— e

Fig. 3-9. Normal Stresses on

Transverse No. 1.

—o—o—o—- solutions by Transverse
mKm =X —¥= SOTutions by CDC/EASE
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CORRELATION OF THEORETICAL STRESSES WITH STRAIN GAUGE EXPERIMENTS

Solutions obtained by the methods presented in this paper have been
compared with strain gauge readings from the full scale experiments of a
200,000 ton tanker. The loading conditions are indicated in Fig. 4-1.

Comparisons between experimental and analytical results are often
difficult to make because the theoretical approaches are based upon
idealized conditions while actual experiments reflect the real, imper-
fect structure. The full scale tests were conducted two years ago, and
some of the data needed for closer comparisons is no tonger available.
For example, there is no record of the water head for the 100 per cent
full tank Toading conditions. The tank capacities shown in the drawings
are, in general, larger than those recorded during the experiments.
Since the deck of this particular tanker at the Tlongitudinal bulkheads
is about 1.15 meters higher than at the edges, there is some upward
pressure acting upon the deck when the wing tank is 100 per cent full.
The magnitude of this pressure can be determined only if the actual
water head is known. This possible upward pressure on the deck is not
considered in the analysis, even though the effect of this pressure can
be quite great.

Part of the calculated results are plotted in Figure 4-2 through
4-6. Due to the discretization error, the stress of one element at the
boundary is, in general, not the same as the stress of another element
at the same boundary. For some locations this discontinuity is small,
as shown in elements between Column 18 and 19, Fiqure 4-2. For some
locations of great stress concentrations, this discontinuity may be
large; the normal stresses in the elements between Row 19 and 20 reveal
large discontinuities between the elements at the boundaries along
Column 12 and Column 13, and indicates that smaller elements are desir-
able for this area. Since the stress distribution must be continuous,
the common practice is to determine the average value at the boundaries
to produce a continuous distribution, as illustrated in Figure 4-2.
Figure 4-7 shows the finite element mesh used.

With few exceptions, the correlations between the computed and
measured stresses are very good. In some cases, the discrepancy between
the two gauges at a given Tocation is greater than the computed result.
Furthermore, the computed results are generally closer than those com-
puted by other methods.

The Targe discrepancies in the upper part of the web frame and the
deck beam may be due to the upward pressure of the tanks due to a water
head above the decks. This pressure has not been taken into considera-
tion because of lack of data. Also, a finer mesh for locations near
the brackets and corners may be necessary for more accurate results.

Because of a Timitation in the present input subroutine, the elements
generated around the corners are not exactly the same as existing in the
real structure, particularly at the wing tank corner near the longitudinal
bulkhead. This has the effect of increasing the stress concentration at
these Tocations as is indicated by the results.
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Full Load Condition: draft = 82' - 4.75", trim =

0 - Qv

29,600 19,840 19,840 29,520 18,780 tons

W 100%) 100% | 1o0%| 100% 1007 66 %

1003 203 1004 100 %

L '
A_ Loading Condition Number 5, Reading Number 3

21,340 tons
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1003 1008 | 1009 100% X
100%] 24% 100% 100%| 100%
6,320 17,600 26,400 26,400 tons

B. Loading Condition Number &, Reading Number 4

100%

C. toading Condition Number 8, Reading Zero

Fig. 4-1. Loading Conditions

for "JOHN A. MCCON
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The computer time required to do the analvsis for one loading con-
dition was 129 central processor saconds (1,044 system seconds, which
includes input/output) on the Control Data Corporation's 6600 computer.
The transverse analysis model included 29 transverses (699 quadrilateral
and triangular plate and bar elements) and 95 iengitudinals. This model
would then be equivalent to one comprising of about 23,000 finite
elements.

Much of the effort required for data preparation is conducted auto-
matically inside the computer program which receives only a minimum
amount of input to define the geometry of the structure and the Toadings.
This feature not only reduces the time needed for data preparation, but
also eliminates many of the possible input errors. Furthermore, each
of the required input data cards is checked by the program for possible
errors. The computations are stopped automatically upon detection of
any error and appropriate diagnostic statements are printed out for
the engineer.

The most difficult part of the input is the Toading definition,
for the external loads must be accurately distributed onto the
longitudinals. This program does allow the user to input these forces
in great detail, and no idealization of the loading is necessary. Input
preparation for a transverse strength analysis requives about two to
three man-weeks, depending upon the complexity of the loading cendition.
Much of the manual efforts for defining these loadings could well be
generated by a special routine adapted to the present computer program.
Such a routine would then require only a very general description of the
Toads involved; the routine then would develop the detail needed for the
analysis.

Since the analysis consumes relatively littie computer expense and
produces quite accurate stress solutions nevertheless, this new
technique could be incorporated within a true design preogram. To date,
a full-scale stress analysis has been reserved for final structural
checking purposes only.
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APPENDIX A: LONGITUDINAL STRENGTH OF LARGE SHIPS

Abbreviations and Nomenclature

The width of the ship's hull

The depth of the ship's hull

The 1ength of the shin's hull

The reaction between the uth transverse and the ith
prime longitudinal member

The width of the wing tank

Half width of the central tank

The influence coefficient of the uth

transverse while the
transverse is sunposed to be simply suooorted at both ends
Deflection of the uth transverse at the intersection with
the longitudinal bulkheads (i=2) or side shells (i=1)

The deflection of the transverse at the intersections of
the longitudinal bulkheads subjected to the given uniform
load 9,°9c When this transverse is simoly suppborted at
both ends.

Uniform load on the uth transverse in the wing tank and
central tank respectively.

Total load upon the uth transverse.
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GRILLAGE ANALYSIS FOR LONGITUDINAL STRENGTH

Consider the transverse members (transverse bulkheads and web
frames) as short deep beams acted upon by the symmetrical loading
system as shown in the following figure:

W

1 2 ¢ 2 1
A I 4
= l_... —et -
Ry R2 RS Ry
Figure A-1

Let k?j be the influence coefficients of the o' transverse, and

d? be the deflection at i due to external loads at the uth transverse,

Then,

= 40 a o _

o

Solving for Rg R

1
O
Kz2
where kgz and d% can be obtained by the beam theory. Since the load-
ing is symmetrical, R? can be calculated from the following:

R

[dczx + W'I(ZOL) - wz(za)] »

MR

a b
R? = -/gw(x)dx + U/Z]c(x)dx - R% s
or 0
R? = Q* - R‘; (A-2)
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Treating the prime Tongitudinal members as shear beams, the
influence coefficients associated with the intersections of the
transverse members can be obtained from beam theory. Let AaB and

BaB be the influence coefficients for the side shell and longitud-

inal bulkheads respectively. Thus,

w](za ) =2BGB Rg (A-4)

p=1

Combining equations (A-1), (A-2), (A-3), and (A-4),
B = g Q po _
EAch(Q - Ry) ZBaB 2 = 4y - kpoy (A-5)

The reactions between the Tongitudinal bulkheads, Rg, can
then be solved from equation (A-5). With R% known, R? can be ob-
tained from equation (A-2). With both of these reactions known,
the bending moments and deflections of the longitudinal and trans-
verse members can be calculated with beam theory.

Since both the cross-sections of the prime Tongitudinals and
of the transverses may not be uniform along their respective lengths,
the method of transfer matrices is a more convenient means of calcu-

lating the influence coefficients.
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APPENDIX B: TRANSVERSE STRENGTH AS A PLAIN STRESS PROBLEM

1 i
dxa’dYQ

INEPA R
Axu’Aya

Al

Abbreviations and Nomenclature

Displacement in the x,y-direction

Concentrated forces in the x,y-direction

Poisson's ratio

Young's modulus

Coordinate along a boundary

Components of a unit normal on a boundary

Components of boundary forces in the x,y-direction
Differential operators

The 1th eigenvalue

Diagonal matrix with eigenvalues Ay as diagonal elements

Elements of the unitary matrix C
Elements of the transpose matrix of C

Elasticity constant
Displacement vector

Boundary force vector

th

Stiffness factor for the i transverse

Stiffness factor for the ath

direction

longitudinal in the x,y-

Coordinates in the transverse plane
Coordinate along the length of the ship

Deflection of the ath Tongitudinal at the intersection
with the 1i-th transverse in the x,y-directions due to
externally applied loads

Influence coefficients for the ath longitudinal associated
with the intersections of the i-th and the j~th transverses
in the x,y-directions

Influence coefficients of the ore longitudinal that is used
for the standard.



THE TRANSVERSES OF TANKERS:

The transverses of tankers may be treated as two-dimensional
elastic bodies with the boundary S as shown by the solid 1ines in
Figure B-1 below.

=4

_l

D —

O
0

Web Frame b. Swash BHD c. 0i1-Tight BHD

Figure B~1. Typical Transverses

Let B be an operator relating the boundary deformation V of a trans-
verse to the boundary forces F, and L be an operator governing the deform-
ation within the boundary of the transverses, then the deformation V
must satisfy the following equations.

LV = (B-1)
BY = F at the boundary S (B-2)
V=YV at the boundary $ (B-3)
OR:
e N g
Lou Luvi| Y 2 0 (B-4)
\Lvu va vi]io )

NEOY (
B,. B..)[u) (]
1 "12 X at § (B-5)

KBz1 Ba2 1V | Ty
u=u
(B-6)
v=yv at S
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The transverses are acted upon by the reaction forces from the
Tongitudinals; these boundary forces are applied along the deck, bottom,
shell, and longitudinal bulkhead seams. Usually within the paraliel
mid-body of a tanker, there is a one-to-one correspondence of longitudinals
intersecting the transverses along these boundary lines for all transverses
within the mid-body section. Hence, the boundary Tines of all transverses
are the same. The only difference between different transverses is their
stiffness,

Assume that the stiffnesses of these transverses differ by a scalar
factor. If B is the operator for one web frame, L' B! can be expressed
as

Bi

P.B (B-7)

L1

PiL
where Pi is a scalar factor

For the 1th transverse, equations (B-4) and (B-5) reduce to

[Lyy L Y op, wlt o
i ouv i -
Ly, L, P 0 &8
Lovu vy, ;N
and " - it i
é 811 B12 P1 u. =|f¥
; 1 1
B 822 Pi ' ) \fy; on S

The equations above imply that for the boundary force F,

i_ 1 i_1
u = Piu s, V= P1.v s (B-9)

where u,v are the boundary displacements of a given standard transverse
where the stiffness is known precisely. Equations (B-9) are not exactly
true, but the errors caused by their use are negligible.
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LONGITUDINALS AS CONTINUOUS BEAMS:

Let d;a be the deflection in thetz-direction of the ath long-
itudinal at its intersection with the i*" transverse. The actual
deflection, u; at z = 7., of this longitudinal can be expressed

by the following:

n

i i ]

uy = dyg E Ao X, (B-10)
J=1

where A;g is the influence coefficient for the ith Tongitudinal,
and Xi is the supporting force of the jth transverse.
Since all the longitudinals are assumed to be similar in bending

1]
stiffness, A can be expressed in the following way:

ald pld

X Xon ’ (B-11)

Y

where Yyo is a scalar factor and A'Y is the influence coefficient
for a given standard longitudinal. Combining with equation (B-11),

(B-10) can be reduced to

n

ijyd _ i i
;A K= v (- ud) (B-12)

Similarly for deflections in the y-direction,

n
i3yd . i )
JZ:]:_A Yy = Yya (dyu va) (B-13)
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For equilibrium and compatibility of the intersections, the

following is a necessary condition:

i\ F 1\

v .Y (B-14)
(v' ] in (B-8) VU in (B-12) and (B-13)
) x|
[ X = ¢ (B-15)

T in (A-8) y'| in (B-12) and (B-13)
LY L

Combining equations (B-12) and (B-15),

ZB”A1‘]PjuJ + BmA”PjvJ = v, ld la -] (B-16)

The above reveals a coupling relationship between the boundary

displacements of different transverses. Let
Wooand W= P”Jifvj (B-17)
and multiply equation (B-16) by 5?
ZB”PTAUP W+ B12P—$ A”PjVj = Yoy [P‘?dlu - W (B-18)

1 s
Since [P?A1JP§] is symmetrical, there exists a unitary matrix C

such that

ctc=1 and ¢ AP ¢ = o] (B19)
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Let u = CijﬁJ » and multiply equation (B-18) by ng:

1

1 - Ml
rctpzad - i1 (B-20)

= =q
B]]Aiu * Blzxiv Yxa i J xa

(sum on j)
Similarly,
= “ t ok s
BZ]Aiu + BZZAiV Yya [Ciijdya v'] (B-21)
Hence at S = S,
o
= =i =q
Biv Bi2 [ x| o3l (8-22)
ST A I . P
21 Bao yo "y
where
= 1t .
o Aicijpjdxa (sum on j)
A 1t .
fya =3 Ciijdyu (sum on j)

Similar transformations reduce the set of equations (B-4)

for the transverses to the following:

—

-
lE

(=]

(B-23)

<

For homogeneous boundary conditions, the boundary restraints

reduce to zero:

(B-24)

i e
<Rk. i
- b
" n
o o
~——
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From equations (B-22), (B-23), and (B-24), this is a plain
stress problem for an equivalent two-dimensional elastic body to which
the boundary forces ?1 s ?i , ( a=1,....,m where m is the number
xa® ‘ya
of longitudinals) are applied. This body has the boundary constraints
as defined by equation (B-24) and is supported by a set of concentrated

/.

springs at S = Su which has spring constants equal to Yya /X ;

i? qu
This problem can be solved directly by a two-dimensional finite element

approach.

Let the number of transverses be n and the number of longitud-
inals be m. Let each transverse include k-degrees of freedom. This
is a problem of 2nk-degrees of freedom using this new method. By
treating transverses as super-elements, the problem is reduced to only
n problems, each of k-degrees of freedom.

After ﬁ;, 5; are calculated, the real displacements on the

boundary can be obtained by the reverse transformations:

J

i_ -z .
u, = P; Cijua (sum on j)
i -1 =g . (B-25)
vy = P Cijva (sum on J)

With u; and v; . the boundary forces can be calculated from

equations (B-12) and (B-13). With these boundary forces known, the
real displacements and stresses of any transverse can be calculated

by a standard two-dimensional finite element method. The finite

element program used as subroutine was developed by Pau]ingzo, and

extended by Thomas and Ma.21
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APPENDIX C - THE STIFFNESS OF THE LONGITUDINALS

The deflection of longitudinals.

The load upon each longitudinal is defined as that load acting
on the area supported by the Tongitudinal. For most practical purposes,
the Toads within one frame space may be assumed uniform with sufficient
accuracy.

Let Uiq be the loads and Iia be the stiffness of the ath Tongitudinal
in ith spacing, and let W,0,M,V ; be the deflection, slope, bending
moment, and shear force at the intersection with the ith transverse. Then

from beam theory.

r— — P —_ ’_ _
2 3 4
W L O £ B £ 9i+1%i+] y
ZET ~ BEI 2T
2
0 0 . i1 A %%
ET 3 6EI 0
2 (C-1)
M 0 0 1 fi4l
- %4 94172 M
v 0 0 0 1 9341%54] v
1 0 0 o 0 1 1
it1,0 — = i

where Zi41 is the spacing, q; is the uniform load.
o is the index for the ath longitudinal.
Omitting the index o we have

Si+1 = LiarS
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Therefore,
Sn+1 = Ln+1Ln """ L1So
or Sne1 = LS, (c-2)
Since the longitudinal is simply supported,
Wy =W g =M =M =0 (c-3)
- el
and L12 L.l4 Q) L15
=- (c-4)
Lap baq ([ Y] '35
. 1 L _
or
o - "1atss - st
0 Lyplag = Lyglap
{ (c-5)
v, - bstap  Liobas
Liobag ~ Lyalsp
Let
-i_ -
L' = 1L g L, then
W, = 12@ + L]4V + L {¢c-6)
Using the notation in Chapter II
_ni _
desy = (L129, * L]4V + L]S)a (c-7)

The indices o and x indicate that all the above equations are dealing
with the o Tongitudinal in the x-direction.

The influence coefficients.

Let the q;, be zero and insert the following point matrix between

i+]
Li+1 and Li'



be computed. In general, d

1 0 0 0 o

O 1 0 0 0
P - 0O 0 1 0 0 (C-8)

0 0 0 1 -1

0O 0 0 0 1

we have
Si1= LS, (C-9)
where L= L il === L, qLPL, ==m= L (c-10)
n+1kn i+t by 1

From equation (C-5) we have 09> Vo, and from equation (C-6) we have

oxX _ g1 i i

where the index i indicates the deflection at i due to a unit load at j

of the ath longi tudinals,
Note that
aX _ A0X -
Aij = Aji (c-12)

Thus, only the upper half of the matrix must be calculated, and since

all longitudinals are similar, only one or a few typical A?; and A?g need
xia’ dyia must be calculated for each longitudi-
nal unless the external loads are the same.

o R
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APPENDIX D: INFLUENCE COEFFICIENTS AND DEFLECTION
OF THE PRIME TRANSVERSE MEMBERS

Let Ii be the moment of inertia and Ai the web area of the ith

section of the simply supported shear beam as illustrated in Figure D-1.
The influence coefficient, Bij’ is defined as the deflection at i due to

a unit load or loads at j.

o . b b o

]

-
ot A = 2, 1, o
VAN - VAN

Figure D-1

Deflection due to uniform loads.

Let the load be % in 0-1, gy in 1-2. By line solution

N
4 \ / -az —83 a a4 a2 / )
W 1o g e tw) b cm) ||
2 3
6 0 1 a a 9,2 8
ET]' ‘2"‘51'] T 1
Ml = 1o 0 1 a -q]az M
3
v 0 0 0 1. -9, v
1) 0 0o 0 0 1 1
\ /

(D-1)
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or UL (D-1)
By changing the indices
2 =2 ¢! (D-2)

Combining (D-1) and (D-2) we have

2 21

s = 1c L' s =15° (D-3)

The boundary conditions are

WO =M =e?=y2=0

From equation (D-3)

o
Loy Laa) |© 25
ol= (D-4)
Lag Lag] V1 [y
1_,1 L0 1 ,0 1 -
2 _,1 .0 2 0 2 ~
WE =g, 80 + LY, VO + L, (D-6)
Influence Coefficients
1 2

In deriving influence coefficients, the transfer matrices L and L
are the same as given above except that the elements associated with the
loads vanish. In addition a point matrix is added at the location of the

unit Toad. The point matrix is

e N
1 0 0 0 O
0 1 0 0 O
0 0 1 0 O
00 0 1 -1
0 0 0 0 1
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APPENDIX E - THE EFFECT OF LONGITUDINALS NOT AT THE NODAL POINTS

In any finite element analysis, the terminals of any element must be
located at the nodal points. For this reason, the mesh for the transverses
should contain all intersections with the longitudinals as nodal points.
This requirement, however, puts a great restriction on the discretization
of the transverses and therefore may be undesirable for other purposes.
This appendix investigates the effect of the longitudinals located on one

edge of the elements.

Triangular elements

/
1 SNa
E] \/\
P §
P .
.\//
S
2
1 x
Figure E -1

For a constant stress triangular element the displacement is linear;

therefore,
. au2+bu3
p ath
(E-1)
- av2+pv3
p a+b

Any force acting at (X Yp) can be replaced by two equivalent forces at

P
2, and 3.




a4

-2 = b -
Y= ap X 3= mp (E-2)

Similarly

_b_

y = a (E-3)
Y, = atb Yp’ Y ETE'YP

Replace this longitudinal by two imaginary longitudinals at 2 and 3 as
per equation (1) of Appendix B:

- 2X
Uip = dyip - 355 X2
(E-4)
- 3x
Uiz = dyi3 - 335 X3

The force and displacement components of these two imaginary longi-
tudinals should be compatible and equivalent to those of the real longi-

tudinals only if

a2z _
atb xip
a7 (257 + (2p% ) - X (E-5)
This equation is satisfied if
deiz = iz = dip
(E-6)

- - _b_
L =apb 3= amp +

Equation (E-6) implies that one longitudinal located in one edge of
the triangular element can be replaced by two imaginary longitudinals at
the nodal points of this edge if the stiffness and the load for these two
imaginary longitudinals are proportional to the distance ratios of the
two nodal points and the location of the actual Tongitudinal. I is the
moment of inertia of this longitudinal located at p, and 12 and 13 are the

respective equivalent moments of inertia at the nodal points 2 and 3.
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For other types of elements with linear stresses, the displacement

onents are non-linear. The compatibility condition may not be satis-

, and the error involved is equivalent to that induced by replacing
element with two or more triangular elements. But for all practical
ses, this error is negligible, and as such this method of determin-

,quivalent longitudinals is applied to all other types of elements.
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APPENDIX F: THE SIMILARITY OF TRANSVERSES

The theory introduced in Chapter 3 assumes that all transverse
members (web frames, 0il-tight and swash bulkheads) are similar in
stiffness: more specifically, the influence coefficients of one transverse
are directly proportional to the corresponding coefficients of any
other transverse,

Without causing too much difficulty, the theory assumes that at the
very least all web frames within the mid-body section are identical.

Since the similarity principal requires the use of one type of transverse
as the standard against which the stiffnesses of others may be measured,
the web frame is selected as this standard since it is also perhaps one

of the most critical members within the ship structure.

g RN RERE T —
o C DT 1
gé Q% i __// Qﬁ
N P T N
N N [
AENRRERRARRENN 4 \
WEeER A AN -TIGHT Bulk=eho, SwWARM BULWHMEZAD

Figure F-1. Transverse Members

The relative stiffness factor (the proportionality constant) may
be obtained by comparing the deflections of the bulkhead to those of the

web frame when both members are acted upon by a unit Toad applied at the
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upper corner as illustrated below.

= ¢ e o

| ¥ > !
1 !

& B3
|
1 S
b 77,4/}777
Figure F-2

Mathematically the stiffness factor, Pb’ of the bulkhead is

expressed as

T
1]
Q-IQD-

(F-1)

where da' and du are the respective deflections at o of the web frame

and the bulkhead.
As concluded from the experiments conducted by Mor117 and Roberts14,
both the web frames and bulkheads may be modeled as shear beams experiencing

very 1ittle bending deflection:

o
4. 7 BR,
(F-2)
d I = L
o GAb

where Af and Ab are the total shear areas of the frame and bulkhead re-
spectively, and x is the distance of the unit load from the support.

By substitution, the stiffness factor may be expressed as

_h:l>| D_:I>

Pb = (F-3)
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The above provides an approximate solution for the stiffness factor,
which perhaps could be more accurately resolved using a finite element
analysis.

At this point the question arises as to the validity of applying
this same stiffness factor to other positions of the bulkhead, for example,
location B of Figure F-2. Naturally some error will occur and the extent
of this inaccuracy must be established.

Let A?j, be the influence coefficient of the ath longitudinal, and
let ai be the influence of the ith transverse at the intersection of this
longitudinal (see Figure F-3 below). The reaction, R:» and the actual de-
flection, wi, of the inter§ection may be expressed as

1

for the transverse, and

_0._0. _
W= di - Ay Ry (F-5)
for the longitudinal, d? is the deflection of the longitudinal under ex-
ternal loads but treated as a simply supported beam with no support by

the transverses.

b K

&7 TRANSYERSE Of “ \ONGITUDINAL

! o
[ | {A.“ Fo THE LONG ITUDINAL
4

L; Fon THE TRANSVENSE

Figure F-3
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Combining equations F-4 and F-5, the matrix equation yields
(A+ L) R=D (F-6)
where L is a diagonal matrix.
Since the transverse is assumed to be much stiffer than the longi-

tudinal (A$j>> L; ) the resolved reactions may be expressed as

oo

R+ [I - z] (-1)"'] (A‘1 n" J A"l p (F-7)
n=

Let i_bLE be the error in the influence coefficient of the mth

th

transverse, a bulkhead. The maximum error in R1 (the i transverse) may

be found to be n
_ -1 m :2 : -1
j=1 Nt = Number of the transverses
In terms of orders of magnitude, the ratio of Ri and Ei is approximately
-1 L™ . Since this expression compares the stiffness of the longi-

im o
tudinal with a much greater stiffness of the bulkhead, (A;; LE ) is esti-

+ bA

mated to be less than half of one percent for a large tanker. Thus a
one hundred percent error in the stiffness factor for the bulkhead would
produce an error less than one per cent.

This conclusion has been validated by the analysis of the tanker,
"JOHN A. MCCONE", the stiffness factor of the oil-tight bulkheads was deli-
berately increased by 100 percent; this change produced a maximum error

within the resulting boundary forces of less than 0.5 per cent.
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APPENDIX G - APPLICATION OF THIS PROGRAM FOR
ORE CARRIERS AND CONTAINER SHIPS

For the analysis of ore carriers or container ships with symmetrical
loads, no modifications are necessary for the transverse strength calcula-
tions.

The longitudinal or primary strength calculations, however, can accom-
modate symmetrical loadings only. For the stresses due to unsymmetrical loads
(the horizontal bending and the twisting of the hull), additional investi-
gations are necessary to determine the significance of these effects. The
theoretical solutions for these stresses may be approached in the following
manner:

Basic Assumption

The deformation of the ship's structure is sufficiently small such that
the stresses due to vertical bending, horizontal bending, and twisting can
be calculated separately.

Horizontal Bending

The horizontal bending can be calculated similarly as the vertical bend-
ing. The only difference is the Toads.

Twisting

For the twisting stresses, the hull is treated as an open thin wall beam

with braces as shown in Figure G-1.

Figure G-1.
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The cross section between the braces may be assumed as constant.
By transfer matrix, the state variables between two stations without

loads can be written as

N N )
¢ Li1s Lizs Lyzs Lyge O ¢
v La1s Laos Lage Loge O v
Mg | _ | la1e laze bazo bags O Mg )
My Laie Ly Lggs Lggq» O My
1 i o 0 0o o 1|, 1 ) 1
\ / N /
ar
Si41 = L3 S
where

¢ - the twisting angle

Y - the derivative of the twisting angle
MB- the bimoment

Mt— the twisting moment

L., i=1 - 4, j=1 - 4 are given in Table G-1

nj’
g2=Cy
c
c w . e
P - the torsional rigidity

L]
|

the warping rigidity
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Table G-1. The Transfer Matrix (Lij)

sinB(x-ai) (1-cosB(x—ai)) -B(x-ai)+sin8(x—ai)
T TR . 3
CwBZ CwB
sing(x-a.) +1-cosB(x-a,)
cosB(x-ai) o i i
w CwB
-~ BCsin (x-ai) cosB(x-ai) sinB(x-ai)
B
0 . 0 1

The transfer matrix for a concentrated twisting moment, Mt’ is

/ N
1 0 0 0 0
0o 1 0 0 0
o 0 1 0 0 (6-2)
0 0 0 1 M
0o 0 0 0 1 )

By the method of line solution, the gTobal matrix is L.
where

S

Ln’ Ln-]...Lo S0

n+l

(6-3)
s

n+lL L So
The effect of the braces can be taken as redundant. Let Zi be the total

h

shear force across the middle section of the it brace as indicated in

Figure G-2, The values of Zi can be calculated by equation G-3.
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Figure G-2.
(aij +51jsj) Zj-+q =0 (6-3)
where
di - deformation at the cutout of the ith brace due to external loads
61j = 1, if i=j, otherwise zero
“ij - deformation at the ith cutout due to a unit load.at the jth cutout
Bj - deformation at the jth cutout due to the deformation of the jth brace.

% 5 and d; can be calculated with the transfer matrix method by treating
the ship hull as a thin wall beam without braces. Bi can be calculated

by shear beam theory; hence, equation G-3 may be solved directly. With

Zi known, the real deformations and stresses of the hull can be calculated
by the transfer matrix method. These stresses should be added to the
stresses due to vertical and horizontal bending. The significance of

these additional stresses depends upon several factors: the magnitide of the

possible skew loads upon the hull; the dimensions of the openings relative

to the dimensions of the ship; and the design of the braces.
From the above theory, stress concentrations will occur at the

corners of the openings. Thus, a finite element analysis of this portion

of the structure may be required.
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APPENDIX H: ANALYSIS OF PART OF THE HULL

The general theory introduced by the uncoupling technique can
be applied for analysis of part of the hull. A partial hull model is
desirable for several reasons. First of all, we are normally
interested only in the middle body of the ship. Secondly, the smaller
section reduces the amount of input data and computer time. And thirdly,
the results may be accurate enough for the design purposes.

The magnitude of any error depends upon the load distribution, the
geometry of the ship structure, and the portion of structure taken into
consideration. The relationships between these parameters can be briefly
described as follows:

The Load Distribution

For a structure consisting of a finite number of discrete elements,
the external loads are shared by all the elements so that the equilibrium

and compatibility conditions within and between the elements can be

satisfied everywhere, The stiffer elements or the stiffer substructures will

share more load than the weaker ones. In general, the shares of loads or
the terminal forces for the elements are difficult to determine without a
complete analysis of the whole structure. However, some special load dis-
tributions may be resolved with enough accuracy.

Consider a ship-1ike composite box girder with equally spaced and
identical transverses (Figure H-1). If the self-balanced external Toad is
uniform along the length, then all transverses share the same amount of
load regardless of the stiffness of the longitudinals. In this case, the
conventional two-dimensional analysis for one transverse will generate the
same results as those from the three-dimensional analysis for the whole

girder.
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Suppose the Toad is not uniform but in some periodic pattern as
indicated in Figure H-2. The sharing of the load will take place only

among- the members within several transverses.

o
e

I A ] T AEULI
A A A AR \

Figure H-1. Uniform Ship-Like Girder Subjected to Uniform Load

+
o+

it
—~

Figure H-2. Periodic Load

The Geometry of the Structure

If the transverses of the composite box girder are of proportional
stiffness and if they are arranged in a regular pattern which corresponds
to a similar pattern of the load distribution, an analysis may be confined
to this portion of the hull with accurate results to be expected.

Although ships are usually designed with a definite pattern of
transverses, the load distributions rarely follow accordingly. Hence, some
error may likely evolve from a partial analysis. But in the light of a
full-size analysis, where errors may be introduced in rounding off (a
greater number of degrees of freedom)and/or in discretizing by a coarser

mesh, the partial analysis may still be preferable.
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The Error Involved in the Partial Analysis

As indicated in Chapter II, the rigid body movement of the
transverses is the deflection of the ship hull and can be obtained
by treating the ship hull as a grillage subjected to a set of line
forces along the transverses., lLet A{i be the influence coefficients of
the prime Tongitudinals treated as a simple beam; then

Vo; = A{jvj (H-1)

where Yj is the difference of shear force at the location of the jth
transverse. Since-the ship hull has the same length and the same
fixities as the longitudinals, A¥j are approximately equal to aij/F’
where F is a scalar factor and aij is the basic influence coefficient.

Considering the last term in equation (B-34) we have

-By . +B
5 Vo3 2 Vi (H-2)
here(a ;} ={a; .}
.. -8 g
Similarly L T
;3005 * T % (H-3)

Note that the expression at the left of the equal sign does not
involve the length of the portion of the ship nor the fixities of the
longitudinals we want to analyze. Thus, if we treat this portion of the
ship and all the longitudinals as simply a beam of this length with
the same fixities, the first two terms of equation (B-34) and (B-33) are
the same, and the third term is almost the same as these in the global
analysis. The only significant difference between the global analysis
and the partial analysis is the last term. Consider equation (B-31),

this series represents the coupling effect of the deformation of the
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transverses. In a global analysis, the coupling involves all transverses.

57

In a partial analysis, this coupling involves only those transverses
within this portion of the ship. For some load distributions the
coupling does not involve all transverses; therefore, a partial analysis
is as good as a global analysis. For example, the special case of
identical transverses and uniform load yields all terms negligible except
the first two in equation (B-33); thus, the full analysis reduces to

the conventional two-dimensional analysis.

In general, the partial analysis as presented here has neglected
the coupling effects of those excluded portions of the structure. The
significance of these effects increases with the stiffness of the
connecting elements (the longitudinals). The results from a partial
analysis of the "JOHN A. MCCONE", which includes only holds no. 1,2,3,4,

have provided good correlations with the experimental measurements.
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APPENDIX I: STABILITY CHECK

Nomenclature
t = thickness of the plate
d = spacing of the vertical stiffness
I_ = moment of inertia of the stiffeners
E = modulus of elasticity
b = depth of the web
v = Poisson's ratio
¢ = shear stress
o = bending stress

g = compressive stress
F¢ = factor of safety

Og O¢ b
-L_—L—--‘-.—h—‘-———‘-‘.—-‘—-

LT e F

| ==y

HIREENY =Y
T ——— ——a = - ]

;/_Hs_tiff?ﬂ'éri_

While the analytical methods developed in this report are
based upon the assumption that the structure is everywhere stable,
structural failures in Jarge tankers often reveal the characteristics

of shear buckling.
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Numerous contributions have been published on the subject of
stability of stiffened plates and webs of deep girders. Thein wah23
has presented a very thorough review of the various methods, all of
which are quite complicated and based upon assumptions that are not
strictly valid for real structures, especially tankers. Fortunately
for design purposes, though, these theories do provide a means for

determining the upper bounds of the in-plane forces.

Criterion for Buckling Shear Loads

The following equations were interpolated from Stein and Fralich.2*

oo kEE (t/b)?

$,CPr -

]2(]_v2) (I=1)

where k= 5.3 +5 (b/d)%g, b/d 5 (1-2)
and = 21_(1-v3) (byd)3, b/d 5

g 5 v 3 (I_B)

£3d

Criterion for Buckling Bending Stress

Johnson and Noe125 have provided the following critical bending
stress for a simply supported plate.
- 2 2
O cp 23.9 1°E (t/b)

5 (1-4)
12(1-y")

Criterion for Buckling Compressive Stress

_ a2 2
O op = 47°E (t/b)

© (1-5)
12(1-u%) ’
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Criteria for Plate Buckling Under Shear Bending and Compressive Stresses

The following equation provides the upper bound Timit for stability.

Where this relationship exceeds unity, buckling is 1ikely to occur.

(0]

v

( s

oy, 2 g 2
) )t G Y, @6

(o]
S,Cr b,cr ¢c.cr >

Where Fg is a factor of safety.

Fortran IV Computer Program for Determining Buckling Stability

20 @IE FR5 STABLE,STABLEsSTABLE

30
40
50
60
70
80
90
92
95
100
110
120
130
140
150
160
170
180
190
200
210
220
230
240
250
260

270.

280
290
300
310
azs
327
330
340
345

350
alQ

101

1
100
102
103

10

104

20
30

40

105

60

READ (5:100) E.G
FORMAT ¢/7' THICKNESS WIDTH SHEAR COMPRESSIVE BENDING STRESS
SPACING AND MOMENT OF INERTIA OF STIFFENERS'//)
FORMAT ()
FORMAT ¢/ " THIS AREA NEEDS REINFORCEMENT®' 7)
FORMAT €/ ° THIS AREA IS STABLE UNDER THESE STRESSES ' /)
READ (S5,100) TsBsS5:5C,SEsXILD
IF. (T«LTs0.) G0 TO 60
FORMAT (7E10.4)
WRITE (621012
WRITE (6s5104) T:Bs85:5C,5B,DsX1
Y=T/8
A=) .-G*G
Al=E+3.14159%%2/12 .+ /0% Y*Y
IF (X1+EQ«0.) GO TO 20
X=B/D
GA=2 . XI*A/T*%3 /D
G0 TO 30
GA=0.
SH=S.3+5.*X*X*%GA
P=S/5K/al
A=S5C/d. /81
R=5SB/23.9/4al
C=P*P+0*x0+R*R
IF (C+GTal) GO0 TO 40
WRITE (6,103)
GO TQ 10
WRITE (6.108)
P=5SK*Al
Q=4.%A1
R=23.9%Al
WRITE (6-104) 5.5C,S5B
WRITE (6s10%)
WRITE (65104) P,QsR
GO TO 10
FORMATC/' THE CRITICAL SHEAR COM AND BENDING STRESSES ARE*/)

STOP
END
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